Background. Sun exposure is the main driver of vitamin D synthesis. High latitude, obesity, and type 2 diabetes mellitus (T2DM) are all risk factors for vitamin D deficiency. However, the seasonal variation in vitamin D concentrations (25[OH] Conclusions. In the present study, sun exposure had a beneficial but insufficient effect on 25[OH]D levels, and the same levels were documented in two consecutive summer seasons, confirming that vitamin D supplementation in both summer and winter should be considered in this population.
Introduction
e vitamin D endocrine system is linked with obesity and type 2 diabetes mellitus (T2DM) [1, 2] , and there has been an increased interest regarding associations between vitamin D, measured as serum 25-hydroxyvitamin D 25 [OH]D, body mass index (BMI), and total body fat. A reasonable explanation may be that high total fat mass cause lower bioavailability of vitamin D [3] . Further, a low serum concentration of 25 [OH]D has shown to correlate with glucose intolerance, insulin resistance, and T2DM, which are all implicated in the metabolic syndrome [4, 5] . Suggested mechanisms for the positive action of vitamin D in insulin physiology are enhancement of β-cell function in the pancreas and improved insulin sensitivity in target cells (liver, skeletal muscle, and adipose tissue) [6] .
Cholecalciferol, also known as vitamin D 3 , is primarily synthesized via ultraviolet B (UVB) irradiation of the dermis, where it is converted to its biologically active form, 1,25-dihydroxyvitamin D, through hydroxylation in the liver and kidney [7] . Further, vitamin D is found in small quantities in supplements and in foods such as fatty fish and fortified milk [8] .
Low concentrations of 25 [OH]D are mainly attributable to limited sunlight exposure caused by low UVB exposure at high latitudes, an indoor lifestyle, air pollution, sunscreen, and clothing [9, 10] . Confounding factors include poor gastrointestinal absorption of vitamin D, sex, and age [8] .
e aim of this study was to investigate the effects of sun exposure by assessing vitamin D levels prior to and after two consecutive northern latitude summer in a middle-aged overweight population with either normal or impaired glucose metabolism.
A second aim was to study the associations between 25 [OH]D, body composition, vitamin D supplementation, and intake of fatty fish.
Participants and Methods

Participants.
Participants were selected from individuals enrolled in a larger randomized control study, whereas vitamin D values were analysed prior to and after the summer season. e recruitment and randomization process is described briefly in Figure 1 . For further details, see Fritz et al 2013 [11] . e 158 participants were Caucasian (age range, 45-69 y) with a BMI ≥ 25 kg/m 2 and were living in the Stockholm area, Sweden, at 59°N latitude.
An oral glucose tolerance test (OGTT) was performed at the time of inclusion into the study. Participants were classified into two groups: normal glucose tolerance (NGT; <8.9 mmol/L) and impaired glucose tolerance (IGT 8.9-12.1 mmol/L)/T2DM (≥12.2 mmol/L) according to their 2 h glucose concentration after OGTT. Insulin treatment was used as an exclusion criterion as it interferes with the calculation of insulin resistance [11] . Written informed consent was obtained from all participants, and the study protocol was approved by the Ethics Committee of Karolinska Institutet, Stockholm.
Biochemical Methods.
All blood samples used for biochemical tests were frozen at −70°C and analysed at the Karolinska University Hospital Laboratory.
e concentration of plasma glucose was determined in a fasting state, prior to the ingestion of 75 g of glucose in water, repeated after 2 h. e mean concentrations in two capillary blood samples were calculated by using the homeostasis model assessment-insulin resistance model, and insulin resistance was calculated as fasting insulin (mU/mL) × fasting glucose (mmol/L)/22. , with a good concordance correlation coefficient of 0.978 [13] . We applied the following definitions of 25 ).
Body Composition Measurements.
Body composition was determined using Bod Pod software (version 1.68; Life Measurement Inc., Concord, CA, USA). Bod Pod is a noninvasive dual-chamber plethysmograph that utilizes a densitometry method using air displacement [16] . Bod Pod software is applied to divide the body into a twocomponent model: fat mass (FM) and fat-free mass using an equation derived originally by Siri [17] . e day-today variation in our laboratory was measured over 5 consecutive days 1 week before the study, in one male and two females. e coefficient of variation for FM was estimated to be 2% in accordance with Fields et al. [18] . Body weight (wt) was determined on a calibrated scale connected to the Bod Pod. e participants' waistline and hips were measured according to the International Standardization of Anthropometry and Kinanthropometry. Participants were instructed to avoid strenuous physical activity for 24 h and to report to the laboratory after a 4 h fast prior to the measurements.
Self-Reported Dietary Supplementation and Fatty Fish
Intake. All 158 participants completed a questionnaire regarding dietary habits and supplementation that included questions about their intake of fatty fish. ey ranked the frequency of fatty fish intake in the following order: once per month, once per week, 1-3 times per week, and 3 times or more per week. e questionnaire was completed at baseline and after the first summer. e food questionnaire was based on the recommendations from National Food Agency, Sweden. 
Results
Seasonal Effects on Serum Concentrations of 25[OH]D.
A total of 158 participants (87 women, 71 men; mean age, 60 ± 5 y) participated in the study. e results for 25 [OH]D levels before and after summer for four different groups based on glucose metabolism status and sex are presented in Table 1 . We repeated the measurements in a subpopulation of 68 participants the following summer. No significant differences were found in the mean values of 25[OH]D before or after the second summer compared with the first year ( Table 1) .
e mean concentration of 25[OH]D for the whole study population prior to summer was in the low to deficient range (55.1 ± 21.7 nmol·L −1 ) ( Figure 2 ). After the 4-month summer period, the concentration had increased to 66.3 ± 21.0 nmol·L −1 (P < 0.001); however, it was still below the recommended range in the majority of participants ( Figure 2 ). Figure 2 shows the distribution of the study participants according to their 25 [OH]D concentrations grouped into four categories: deficient, insufficient, low, and adequate.
Vitamin D Supplementation and 25[OH]D Concentrations.
e vitamin D dietary supplements reported by the participants included different products with a mean vitamin D content of 7.5 μg; however, only 21 participants (13% of the study population) reported taking supplements. e mean 25 [OH]D concentration among supplement users was higher prior to summer (64.2 ± 20.1 nmol·L ; P � 0.04). After summer, the concentrations in supplement users were 71.1 ± 22.8 nmol·L −1 compared with that of nonusers (65.6 ± 20.7 nmol·L
−1
). e seasonal change in 25 [OH]D was significant for both groups, supplement-users (P � 0.003), and nonusers (P < 0.001). (Table 2) . After summer, the correlations between vitamin D and body composition variables increased to moderate in women with NGT : BMI (r � −0.37, P � 0.003), FM (%, r � −0.47, P < 0.001; kg, r � −0.51, P < 0.001), wt (r � −0.44, P � 0.001), waist (r � −0.37, P � 0.005), and hip circumference (r � −0.49, P < 0.001).
Correlations with Body Composition
After summer, the correlations between vitamin D and some body composition variables in women with NGT further increased.
In a multiple regression model for the whole study population, we included the significant variables from univariate analyses at baseline: vitamin D supplementation and one of the variables expressing body composition (FM, kg), together with nonsignificant variables: age, sex, fish intake, and glucose metabolism, all of which are potential determinants of 25 [OH]D. We found that the overall R 2 for the model was weak but significant (Table 3) . Further, we divided the study population into groups according to sex and analysed the effect size for FM (%). A slightly stronger overall R 2 was observed for the model in women than for the whole study population (Table 4 ). In summary, the level of explanation of contributing factors to 25 [OH]D was low.
Discussion
To our knowledge, this is the first study to investigate 25 [OH]D levels before and after two consecutive summer seasons in an overweight population with and without impaired glucose metabolism. e novel findings were as follows: (1) 
Effects of Sun Exposure on Vitamin D.
is study enrolled participants who lived in the Stockholm area of Sweden, which is located at 59°N latitude. Previous studies have shown that vitamin D status is lower in healthy women Journal of Nutrition and Metabolism at 57°N compared with their counterparts at 51°N [19] , while other studies have found that exposure to sun at higher latitudes in different populations is sufficient to increase and maintain vitamin D status to within the recommended range [20, 21] . In the present population, sun exposure during summer was insufficient to increase vitamin D to recommended values in 66% of the participants. e results were confirmed during the follow-up year. ere are several possible explanations to the insufficient increase of 25[OH] D. To get the maximum benefit from sun exposure, it is recommended to stay outside for at least 15 minutes between 10.00 a.m. and 3.00 p.m., when the number of UVB photons is highest (UVB wavelengths 280-305 nm) [22] . If outdoor activity is performed early in the morning or late in the evening, the effects of sunlight on vitamin D status are negligible [1] . e subjects in our study could have avoided [38] . In addition, several factors that influence vitamin D status must be taken into consideration.
ese factors include the gastrointestinal absorption of vitamin D, sex, amount of body fat, age, genetic heritage, diseases, and medications [9, 39] .
Strengths and Limitations.
e strength of this study is that the participants were homogenous and lived in the same area. In total, 68 of the participants underwent follow-up the subsequent year confirming findings from the first year. e limitations of this study include methods used to measure vitamin D intake via diet and supplementation. Further, there is a lack of detailed information about timing and outdoor activity as well as use of sunscreen products or protective clothing that could have limited the efficacy of UVB exposure.
Conclusions
e results of the present study demonstrated that, at 59°N latitude in Sweden, vitamin D levels were low in the spring and increased significantly during the summer, although not adequate according to recommended levels. Vitamin D was to some extent affected by body fat and supplementation, but not age, sex, or glucose metabolism status. is information is of clinical relevance since it has been assumed that sun exposure during the summer in Nordic countries is sufficient to reach recommended concentrations of 25 Data Availability e data used to support the findings of this study are included within the article. Journal of Nutrition and Metabolism
